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Abstract
Diﬀerent controller concepts can be employed for the support structure load reduction of oﬀshore wind turbines, however, they
entail unfavorable collateral eﬀects like additional actuator wear or load ﬂuctuations in other turbine components. Hence, there
is a need to identify possibilities of employing such controller concepts only under particular loading and operational conditions
e.g. sea states with high waves or large wind-wave misalignment when their load reduction potential is high in relation to their
unfavorable side eﬀects. This paper introduces a multi-objective optimization method to perform a trade-oﬀ analysis between the
reduction of damage equivalent fatigue loads at the monopile support structure and the collateral eﬀects of the diﬀerent controller
concepts. The optimization is performed considering the baseline controller, plus tower fore-aft controller to reduce the tower
fore-aft bending moment and the active generator torque controller to reduce the side-to-side load. These two concepts increase
the pitch activity and drive train torque variability as collateral eﬀect, respectively. With the optimization methodology presented,
it is possible to identify the most eﬃcient operation time to activate diﬀerent control concepts under each load case, utilizing their
advantageous load reduction while limiting their penalty in collateral eﬀects.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of SINTEF Energi AS.
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1. Introduction
Support structures can account for more than 36 % of oﬀshore wind farm costs [1], partially due to the aerodynamic
and hydrodynamic loads produced by the oﬀshore environmental conditions. There are several active control concepts
available for load mitigation [2][3][4] in the wind industry, which can reduce eﬀectively the loads in the support
structure, while encountering collateral eﬀects of higher loads in other components of the turbine. As a consequence
the wind turbine lifetime could be reduced and an increase in unscheduled maintenance might occur. While the
potential for reducing support structure loads due to the implementation of diﬀerent load mitigation concepts has
been already analyzed by several researches [4][5][6], Fischer presented a methodology to employ certain controller
concepts at particular loading and operational conditions [7]. Furthermore, Fischer evaluated, at least qualitatively, the
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Fig. 1. Qualitative fatigue load inﬂuences of dynamic control concepts [7].
Fig. 2. Wind-wave misalign-
ment groups, with wind com-
ing from the North. The
groups are formed merging
opposite wind and wave di-
rections.
collateral eﬀects of certain load mitigation concepts on other turbine components, which is illustrated in Fig. 1. Firstly,
it can be seen that while quantifying the load reduction at a particular hot spot is straight forward, the evaluation and
judgement of the various collateral eﬀects inside the whole turbine system is a rather complex task. Secondly, for
the reduction of certain load components, e.g. support structure side-to-side response, more than one option might be
available, such as individual pitch control and active generator torque control. However, the collateral eﬀects of such
concepts could be quite diﬀerent, both in magnitude and where they occur within the turbine system.
Few research [8] has been performed to implement the controller concepts not only to reduce the support structure
loads but also to limit the collateral eﬀects in a more rational manner. The objective of this paper is to introduce
a methodology to approach the trade-oﬀ analysis between the reduction of damage equivalent fatigue loads in the
support structure and the collateral eﬀects due to the employment of diﬀerent controller concepts at an exempliﬁed
and simpliﬁed reference case. A multi-objective optimization method is introduced and performed for the controller
activation, considering tower fore-aft controller (TFA) to reduce the tower fore-aft load and active generator torque
controller (AGT) to reduce the side-to-side load. The collateral eﬀects considered are increase in pitch activity and
drive train torque variability, respectively. Such a multi-objective optimization is regarded as a key element of a more
comprehensive system for adaptive operational control, where both sea state conditions and turbine load response is
monitored online in order to select the most eﬀective load mitigation controller concepts with respect to a trade-oﬀ
between load reduction and collateral eﬀects. A brief outline of such a system is discussed in Section 4.
2. Methodology
The hydro-servo-aeroelastic simulation is performed for the 5 MW UpWind [9] turbine on a monopile support
structure with the ﬁrst tower eigen frequency of 0.28 Hz. In this section, the environmental conditions, controllers and
other parameters selected are brieﬂy described, and ﬁnally the methodology for the trade-oﬀ study is explained.
2.1. Environmental condition and sea state lumping
The numerical simulation is set with reference to the external conditions derived from the K13 met-mast located
in the Dutch North Sea at 25 m water depth (MSL) [10]. The high hydrodynamic excitation of the relatively soft
monopile support structure at deep water locations can be quite sensitive to the wind and wave misalignment. This is
because the high aerodynamic damping during the power production mode is acting only in the fore-aft rather than the
side-to-side direction. Hence, up to 30◦wind-wave misalignment, the loading on the monopile at the seabed can be
maximum in the fore-aft direction while the higher loads can occur in the sideways direction for larger misalignment
[7][11]. Because of this eﬀect, sea states with diﬀerent wind-wave misalignments are considered in this exemplary
investigation. Meanwhile, only one mean wind speed of 14 m/s with 14.4 % turbulence intensity is taken into account,
while the full operating range of the wind speed would be considered in the future extension of this research. Four
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Fig. 3. Fore-aft load reduction with and without the optimization.
Table 1. Lumped load cases (wind speed of 14 m/s) and their
actual observed frequency at K13 Location.
Wind-wave
misalignment[◦]
Signiﬁcant
wave height[m]
Peak
period [s]
Probability
[-]
0 0.9 5.0 0.00249
0 1.5 6.0 0.00266
0 2.4 6.9 0.00210
45 0.5 4.7 0.00039
45 1.0 5.2 0.00081
45 1.5 6.0 0.00084
45 2.4 6.8 0.00092
90 1.0 5.3 0.00020
90 1.5 6.1 0.00012
90 2.5 7.0 0.00025
135 0.8 4.9 0.00050
135 1.5 6.0 0.00036
135 2.0 6.8 0.00037
135 3.0 7.7 0.00040
diﬀerent wind-wave misalignment groups of 0◦, 45◦, 90◦and 135◦are considered with wind coming always from the
North and using 45◦wave direction bins. As shown in Fig. 2, the misalignment groups are done merging with the
opposite direction. In order to limit the computational eﬀort to a reasonable amount, the number of sea states is
reduced by a so-called sea state lumping. Each lumped sea state is further represented by a certain signiﬁcant wave
height and wave peak period calculated according to [11]. The chosen 14 load cases are listed in Table 1.
2.2. Load simulations
The three dimensional turbulent wind ﬁeld with a Kaimal model and irregular sea states according to the Pierson-
Moskowitz spectrum is used for the hydro-servo-aeroelastic simulations which are performed using GH Bladed v4.4
[12]. The Design Load Case 1.2 according to [13] is selected to analyse fatigue loads during the power production.
Six random wind seeds with 10 minutes duration are employed. The damage equivalent loads of the bending moment
in fore-aft and side-to-side directions at the mudline location are calculated using the rainﬂow cycle counting method,
considering a reference cycle number of 2E7 for 20 years lifetime and an inverse S-N-slope of 4, typical for steel.
2.3. Control concepts
The scope of this paper is to optimize the usage of the controllers with respect to the trade-oﬀ analysis rather
than to optimize diﬀerent controllers itself. Therefore, the magnitude of the actual load reduction achieved by certain
controllers in this paper is indicative. The following three control concepts are chosen:
a. Baseline controller (BLC): The power production operation employs the generator-torque controller to maximize
the power in the below-rated region and the blade-pitch controller to regulate generator speed in the rated power
region. The controller is based on [14] with the correction of gain scheduling according to [15].
b. Tower fore-aft controller (TFA): TFA is based on the UpWind controller [9]. An additional pitch angle is deter-
mined using the tower fore-aft acceleration and is superimposed to the pitch angle provided by the BLC. This
is done in order to enhance the aerodynamic damping and hence to reduce the tower fore-aft displacement. The
collateral eﬀect is an increase in the pitch activity, which is represented here by the pitch Actuator Duty Cycle
[16] and is deﬁned as:
ADC =
∑
i
(pi . ADCi) =
∑
i
(pi .
1
T
∫ T
0
β˙(t, i)
β˙norm
dt) ; β˙norm =
⎧⎪⎪⎨⎪⎪⎩β˙max , β˙(t, i) ≥ 0β˙min , β˙(t, i) < 0 (1)
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where, pi : probability of occurrence of a particular sea state i of duration T (here 10 minutes)
β˙ : time series of the blade pitch rate [m/s]
β˙norm : the maximum or the minimum allowable pitch rate
c. Active generator torque controller (AGT): The AGT uses the tower side-to-side acceleration to determine an
additional tower side-to-side damping torque and is superimposed to the generator torque provided by the BLC.
The penalty of implementing AGT are higher ﬂuctuations in drive train and power electronics [7]. For the trade-
oﬀ analysis, the standard deviation of the generator torque is considered as the collateral eﬀect.
2.4. Trade-oﬀ analysis approach: Multi-objective optimization
A multi-objective optimization approach is proposed to activate the ’most eﬀective’ controller for the given sea
state conditions to perform the trade-oﬀ between minimizing both the support structure loads and the collateral eﬀects
simultaneously. In this section, the optimization criteria used for the three controller sets will be described.
a. Tailoring the tower fore-aft controller (TFA) versus the baseline controller (BLC)
Instead of operating TFA controller for 100 % of time, an optimization analysis is performed with the objective
to minimize the tower fore-aft damage equivalent load while limiting the collateral eﬀect, i.e. pitch Actuator
Duty Cycle (ADC). The linear optimization performed using a Python script [17] gives the optimal percentage
of time that the TFA controller should be activated, q2,i, or when only BLC should be operated, q1,i for each load
case i, where, q2,i + q1,i = 1. A maximum allowable pitch ADC value is deﬁned with a constraint factor, CADC ,
expressed as percentage of the increase in pitch ADC when TFA is fully activated. The optimization criteria is to
limit the ﬁnal pitch ADC value to the maximum allowable pitch ADC. That is, for the given CADC , the constraint
equation for the optimization is deﬁned as:
ADC f inal ≤ ADCmax ;
ADC f inal =
∑
i(ADCBLC,i . q1,i + ADCTFA,i . q2,i);
ADCmax =
∑
i(ADCBLC,i +CADC (ADCTFA,i − ADCBLC,i))
(2)
where, CADC : constraint factor, 0 ≤ CADC ≤ 1
ADCBLC : pitch ADC when only BLC is operating
ADCTFA : pitch ADC when activating TFA for 100 % time
The objective of the optimization is to minimize the damage equivalent load given by:
DEL(TMy) = m
√∑
i
pi . (q1,i . DEL(TMy)mBLC,i + q2,i . DEL(TMy)
m
TFA,i) (3)
where,
m : inverse slope of S-N curve (here 4, typical for steel)
pi : probability of occurrence of a particular sea state i
DEL(TMy)BLC : tower fore-aft DEL at mudline when only BLC is activated
DEL(TMy)TFA : tower fore-aft DEL at mudline when TFA is fully activated
b. Tailoring the active generator torque control (AGT) versus the baseline controller (BLC)
The second multi-objective optimization is used for AGT and BLC controllers to minimize the tower side-to-
side damage equivalent load (DEL(TMx)), limiting its collateral eﬀect, i.e. standard deviation of the generator
torque. The result of the optimization likewise to Eq. 2 and 3 gives the optimal percentage of time that the AGT
controller should operate during each load case.
c. Tailoring the tower fore-aft (TFA) and active generator torque (AGT) versus the baseline controller (BLC)
In order to take advantage of diﬀerent load mitigation concepts, diﬀerent controllers could be considered at the
same time. The multi-objective optimization is carried out for TFA, AGT and BLC controllers with the objective
of minimizing DEL(TMxy), which is the time series of the resultant vector of the tower fore-aft and side-to-side
loads, limiting the collateral eﬀect from both controllers, i.e. pitch ADC and standard deviation of generator
torque. In the present case, the optimization is performed under diﬀerent maximum allowable pitch ADC and
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Fig. 4. Load cases scatter diagram of signiﬁcant wave height and wind-wave misalignment a) without and b) with optimized controller activation
for 30 % of the total time. The outer circle area represents the total probability and the colored circle area the proportion when TFA is activated.
standard deviation of generator torque values, and the range is deﬁned by the change in pitch ADC and standard
deviation of generator torque while activating 100% of the time BLC or the controller TFA and AGT respectively.
For the sake of simplicity, the same constraint factor for both the pitch ADC and standard deviation of generator
torque is considered and both the TFA and AGT controllers are activated simultaneously.
2.5. Illustration of optimization eﬀect on load case selection
In order to check if it is necessary to perform the optimization for each load case, or if the same objective, i.e.
to minimize the damage equivalent load and limit the increase in collateral eﬀect, could be reached activating the
controller for a determined time, a preliminary analysis is performed with BLC and TFA controllers for the 14 load
cases listed in Table 1. For this analysis, the TFA controller is activated independently from the sea state conditions for
a ﬁxed percentage of time without optimization. Secondly, the multi-objective optimization, described in Section 2.4,
is performed to ﬁnd the optimal TFA operation time for each load case in order to minimize the tower fore-aft damage
equivalent load, DEL(TMy), calculated at mudline location (Eq. 3) constrained on the pitch ADC given in Eq. 2 with
CADC ranging from 0 to 1.
Fig. 3 illustrates the reduced DEL(TMy) for the case without optimization in green marked curve and with opti-
mization in blue. The diﬀerence between the two curves represents the added advantage of the optimization. For
example, let us consider when TFA is activated 30 % of the total time, represented with dotted lines in Fig. 3. For
the case without optimization, the DEL(TMy) is reduced by 0.51 %, which corresponds to 29.5 % of the maximum
achievable load reduction with the TFA controller. Here, the DEL(TMy) is calculated using Eq. 3 with q2,i = 0.3 for
all load cases i. Whereas, for the optimized case, the optimization performed to minimize the DEL(TMy) in Eq. 3
with diﬀerent ADC constraint in Eq. 2 gives the optimal operation time of TFA for each load case, q2,i. When the
optimization resulted in 30 % TFA activation time, the DEL(TMy) is reduced by 1.08 %, equivalent to 62 % of the
maximum achievable load reduction. Meanwhile, the resulting pitch ADC for the cases with and without optimization
is increased by 36.5 % and 30 % of the pitch ADC for a continuous TFA employment, respectively. These results con-
ﬁrm that optimizing the controller activation time for each load case can yield higher load reduction with signiﬁcantly
lower increase of the collateral eﬀect compared to controller activation ignoring the actual sea state conditions.
In Fig. 4, the signiﬁcant wave height of the considered 14 load cases is plotted against the wind-wave misalignment.
The area of the outer circles represents the load case probability of occurrence and the colored area corresponds to the
percentage of the load case in which the TFA controller was active for total TFA activation time of 30 %. Fig. 4a and
4b illustrates the case without and with optimization, respectively. In the case without optimization, the proportion of
the TFA activation time is same for all the sea states, here 30 %. In contrast, for the optimized case, TFA is activated
only for a few load cases with extraordinary high loading. Therefore, instead of only switching the controller on and
oﬀ to minimize the collateral eﬀect, the ’smart’ optimization approach described in Section 2.4 is beneﬁcial.
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Fig. 5. Optimization for BLC and TFA with pitch ADC as con-
straint.
Fig. 6. Optimization for BLC and AGT with standard deviation of
generator torque as constraint.
3. Results
3.1. Results of tailoring BLC versus TFA
The result of the multi-objective optimization performed to minimize the tower fore-aft damage equivalent load,
DEL(TMy), limiting the pitch ADC is shown in Fig. 5. The primary y-axis represents the reduction on DEL(TMy)
while the x-axis represents the diﬀerent values for the constraint factor which gives the maximum allowable pitch
ADC. The DEL(TMy) reduction is represented by a solid line and the corresponding percentage of TFA activation
time by green line with markers. The decreasing slope of the DEL(TMy) line conﬁrms that with a low limit of
additional pitch ADC, the load cases with higher load reduction by relatively lower ADC penalty are chosen. For
example, if the pitch ADC is allowed to increase to maximum 60 % of the total increase (shown with dashed line
in Fig. 5), the DEL(TMy) will be reduce by 1.42 %, which corresponds to 82.4 % of the possible reduction when
TFA is fully activated. In addition, TFA is activated for only 52.9 % of time. Furthermore, the additional pitch ADC
increases almost linearly with TFA activation time (cf. linear slope of the activation curve) for the optimized load
case selection. This demonstrates the opportunity to take advantage of the TFA controller to considerably reduce the
TMy load without overly increasing the pitch ADC. Hence, the trade-oﬀ analysis between the TFA and BLC could
be performed successfully using the multi-objective optimization to minimize the fore-aft load and limiting the pitch
ADC.
3.2. Results of tailoring BLC versus AGT
The result of the second multi-objective optimization which minimizes the tower side-to-side damage equivalent
load (DEL(TMx)) at mudline location, and limit the standard deviation of generator torque is plotted in Fig. 6. The
reduced DEL(TMx) with respect to diﬀerent values for the maximum allowable standard deviation of generator torque
(constraint factors) is represented with the blue solid curve and the corresponding percentage activation time of AGT
controller is shown with the green line with markers. In principle, the results look similar to the previously described
fore-aft case. For example, if the standard deviation of the generator torque is allowed to increase to maximum 60 %
of the possible increase (shown with dashed line in Fig. 6), the DEL(TMx) will be reduced by 9.8 %, which represents
70.4 % of the possible reduction if AGT was activated for 100 % of time. In addition, AGT is activated for only
37 % of time. However, here the characteristics of the dependency of the penalty eﬀect on the activation time is less
favourable than for TFA. The slope of the AGT activation time curve is increasing progressively with respect to the
constraint factor. For instance activating AGT for 20 % of time results already in approximately 40 % of the overall
increase in generator torque variability whereas activating TFA for the same duration results in approximately 25 %
of the overall increase in pith ADC (see Fig. 5). Nontheless, the result conﬁrms the possibility to take advantage of
AGT controller to considerably reduce the TMx load while limiting the extra standard deviation of generator torque.
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Fig. 7. Optimization for BLC, TFA and AGT with pitch ADC and
standard deviation of generator torque as constraint. Fig. 8. Flowchart of the adaptive operational control.
3.3. Results of tailoring BLC versus TFA and AGT
Finally, Fig. 7 represents the results of the multi-objective optimization performed for three controllers. The
reduced DEL(TMxy) with respect to diﬀerent values of the constraint factor for maximum allowable pitch ADC and
standard deviation of generator torque is represented by the blue curve, and the corresponding percentage activation
time of both TFA and AGT controller is shown by the green curve with markers. The plot looks very similar to the
BLC versus TFA case in Fig. 5. For instance, if the constraint factor for the collateral eﬀects is 0.6 (shown with
dashed line in Fig. 7), the DEL(TMxy) will be reduced by 1.2 %, which represents 82 % of the maximum achievable
reduction. The corresponding reduction in fore-aft and side-to-side loads are 82.6 % and 55.6 % of the maximum
achievable reduction when implementing TFA and AGT, respectively. The pitch ADC and standard deviation of
generator torque are increased by 60 % and 51 % of the possible increase, respectively. The reduced DEL(TMxy)
of the superimposed tower fore-aft and side-to-side loads conﬁrms that a trade-oﬀ analysis between the TFA, AGT
and BLC controllers could be performed using the multi-objective optimization to minimize the resultant damage
equivalent load while limiting both the pitch ADC and the standard deviation of generator torque.
4. Discussion
The multi-objective optimization approach presented in this paper and three optimization approaches demonstrated
shows that the target load could be mitigated signiﬁcantly while limiting the increase in the collateral eﬀects. With
the proposed optimization approaches, positive advantages oﬀered by diﬀerent available control concepts could be
used while keeping the penalty within bounds. This is important because diﬀerent controllers work most eﬃcient at a
certain operating range and are most suitable to reduce particular support structure loads [7]. The operating condition
of the turbine is changing constantly over time, and therefore the operating range and the support structure loads vary.
The selection of the controller in the trade-oﬀ analysis would depend on the sea state and the constraint factors used to
limit the collateral eﬀect in the multi-objective optimization. The constraint factor is selected according to the design
limits of certain components and the lifetime of the turbine.
A more comprehensive system for adaptive operational control could be developed including this multi-objective
optimization method. Fig. 8 illustrates such a possible adaptive operational control model. The selection of the most
eﬀective controller concept for a particular sea state condition and turbine load response would be facilitated by the
multi-objective optimization. The optimization criteria depends on the reduced load and the collateral eﬀect due to
the implementation of one controller or the other for a particular load event and operating condition. This information
will be available in a database or provided through an artiﬁcial neural network approach. The most eﬀective controller
concept chosen by the optimization will be activated for a certain length of time and both the sea state conditions
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and the turbine load response would be constantly monitored online in order to decide if the implemented controller
concept is still the most eﬀective one.
However, to represent the load experienced by the support structure within its entire lifetime, the full operational
wind speed range and sea state parameters as well as operational conditions should be considered. The load cases
selected for the current paper are representative for the methodological approach only, but they are not suﬃcient to
perform a full trade-oﬀ analysis. Moreover, there are optimization alternatives for the tailoring of BLC, TFA and
AGT. One is to minimize the tower fore-aft and side-to-side loads instead of minimizing the superimposed load eﬀect.
For this purpose, diﬀerent weighting is given to the loads depending on the sea state condition. Another approach is
to minimize the maximum load on the monopile circumference.
5. Conclusion
This research introduced an approach for the trade-oﬀ analysis between the support structure load mitigation and
collateral eﬀects due to the situational employment of diﬀerent controller concepts. It has been shown that the ac-
tivation time of the controllers for each individual load case is selected by a multi-objective optimization approach,
performing a trade-oﬀ analysis between diﬀerent controllers. The optimization can select the most eﬀective controller
for each sea state to signiﬁcantly reduce the target load, while limiting the collateral eﬀects.
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